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The
  regular
  monitoring
  of
  evapotranspiration
  from
  satellites
  has
  been
  limited
  because
  of
  discontinu-
ous
  temporal
  coverage,
  resulting
  in
  snapshots
  at
  a
  particular
  point
  in
  space
  and
  time.
  We
  developed
a
  temporal
  upscaling
  scheme
  using
  satellite-derived
  instantaneous
  estimates
  of
  evapotranspiration
  to
produce
  a
  daily-sum
  evapotranspiration
  averaged
  over
  an
  8-day
  interval.
  We
  tested
  this
  scheme
  against
measured
  evapotranspiration
  data
  from
  34
  eddy
  covariance
  ﬂux
  towers
  covering
  seven
  plant
  functional
types
 from
 boreal
 to
 tropical
 climatic
 zones.
 We
 found
 that
 the
 ratio
 of
 a
 half-hourly-sum
 of
 potential
 solar
radiation
  (extraterrestrial
  solar
  irradiance
  on
  a
  plane
  parallel
  to
  the
  Earth’s
  surface)
  between
  10:00
 hh
and
  14:00
 hh
  to
  a
  daily-sum
  of
  potential
  solar
  radiation
  provides
  a
  robust
  scaling
  factor
  to
  convert
  a
half-hourly
  measured
  evapotranspiration
  to
  an
  estimate
  of
  a
  daily-sum;
  the
  estimated
  and
  measured
daily
  sum
  evapotranspiration
  showed
  strong
  linear
  relation
  (r2 =
 0.92)
  and
  small
  bias
  (−2.7%).
  By
  com-
parison,
  assuming
  a
  constant
  evaporative
  fraction
  (the
  ratio
  of
  evapotranspiration
  to
  available
  energy)
during
  the
  daytime,
  although
  commonly
  used
  for
  temporal
  upscaling,
  caused
  13%
  underestimation
  of
evapotranspiration
  on
  an
  annual
  scale.
  The
  proposed
  temporal
  upscaling
  scheme
  requires
  only
  latitude,
longitude
 and
 time
 as
 input.
 Thus
 it
 will
 be
 useful
 for
 developing
 continuous
 evapotranspiration
 estimates
in
  space
  and
  time,
  which
  will
  improve
  continuous
  monitoring
  of
  hydrological
  cycle
  from
  local
  to
  global
scales.
© 2011 Elsevier B.V. All rights reserved.
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1.
  Introduction
Evapotranspiration
  (E)
  is
  a
  major
  component
  of
  the
  terrestrial
hydrological
  cycle
  (ca.
  60%
  of
  land
  precipitation)
  (Trenberth
  et
  al.,
2007).
  It
  controls
  land-atmosphere
  feedbacks
  via
  modulating
  land
0168-1923/$
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  see
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Table
  1
Site
  information.
  CRO:
  crop,
  DBF:
  deciduous
  broadleaved
  forest,
  EBF:
  evergreen
  broadleaved
  forest,
  ENF:
  evergreen
  needle
  leaved
  forest.
  GRA:
  grassland,
  MF:
  mixed
  forest,
WSA:
  woody
  savanna.a
PFT Site
  ID Country
  and
  site
  names
  Lat
  Lon
  Year
  Climate
  References
CRO
  US-Bo1
  US
  –
  Bondville
  40.0
  −88.3
  1998
  Temperate
  Meyers
  and
  Hollinger
  (2004)
DE-Geb Germany
  –
  Gebesee
  51.1
  10.9
  2004
  Temperate
  Anthoni
  et
  al.
  (2004)
JP-Mas
  Japan
  –
  Mase
  paddy
  ﬂux
  site
  36.1
  140.0
  2002
  Temperate
  Saito
  et
  al.
  (2005)
KR-Hnm
  Korea
  –
  Haenam
  34.6
  126.6
  2006
  Temperate
  Ryu
  et
  al.
  (2008b)
US-Ne1
  US
  –
  NE
  Mead
  41.2
  −96.5
  2004
  Temperate
  Verma
  et
  al.
  (2005)
DBF CA-Oas Canada
  – SSA
  old
  aspen
  53.6
  −106.2
  2004 Boreal Krishnan
  et
  al.
  (2006)
DE-Hai Germany
  – Hainich
  51.1
  10.5
  2004
  Temperate
  Kutsch
  et
  al.
  (2008)
US-MOz US
  –
  Missouri
  Ozark
  Site
  38.7
  −92.2
  2005
  Sub-tropical,
  Mediterranean
  Gu
  et
  al.
  (2007)
US-Bar
  US
  –
  Bartlett
  44.1
  −71.3
  2005
  Temperate
  Richardson
  et
  al.
  (2007)
IT-Ro1
  Italy
  –
  Roccarespampani
  1
  42.4
  11.9
  2004
  Sub-tropical,
  Mediterranean
  Tedeschi
  et
  al.
  (2006)
IT-Ro2
  Italy
  –
  Roccarespampani
  2
  42.4
  11.9
  2004
  Sub-tropical,
  Mediterranean
  Tedeschi
  et
  al.
  (2006)
EBF FR-Pue France
  – Puechabon
  43.7
  3.6
  2006 Sub-tropical,
  Mediterranean Allard
  et
  al.
  (2008)
IT-Cpz
  Italy
  –
  Castelporziano
  41.7
  12.4
  2004
  Sub-tropical,
  Mediterranean
  Reichstein
  et
  al.
  (2007)
AU-Tum Australia
  –
  Tumbarumba
  −35.7
  148.2
  2003
  Temperate
  Leuning
  et
  al.
  (2005)
ID-Pag Indonesia
  – Palangkaraya
  2.3
  114.0
  2002 Tropical Hirano
  et
  al.
  (2007)
ENF FI-Hyy Finland
  – Hyytiälä
  61.8
  24.3
  2006
  Boreal
  Suni
  et
  al.
  (2003)
KR-Kw2
  Korea
  –
  Kwangneung2
  37.7
  127.1
  2008
  Temperate
  Hong
  et
  al.
  (2008)
NL-Loo
  Netherlands
  –
  Loobos
  52.2
  5.7
  2006
  Temperate
  Dolman
  et
  al.
  (2002)
US-Blo
  US
  –
  Blodgett
  Forest
  38.9
  −120.6
  2002
  Subtropical
  Goldstein
  et
  al.
  (2000)
US-Me2
  US
  –
  Metolius2
  44.5
  −121.6
  2004
  Sub-tropical,
  Mediterranean
  Thomas
  et
  al.
  (2009)
US-Me3 US
  – Metolius3
  44.3
  −121.6
  2004
  Sub-tropical,
  Mediterranean
  Vickers
  et
  al.
  (2010)
GRA CH-Oe1
  Switzerland
  –
  Oensingen1
  grass
  47.3
  7.7
  2006
  Temperate
  Ammann
  et
  al.
  (2007)
NL-Ca1
  Netherlands
  –
  Cabauw
  52.0
  4.9
  2006
  Temperate
  Jacobs
  et
  al.
  (2007)
US-Var
  US
  –
  Vaira
  ranch
  38.4
  −121.0
  2006
  Sub-tropical,
  Mediterranean
  Ryu
  et
  al.
  (2008a)
CA-Let
  Canada
  –
  Lethbridge
  49.7
  −112.9
  2005
  Temperate
  Flanagan
  et
  al.
  (2002)
DE-Meh
  Germany
  –
  Mehrstedt
  51.3
  10.7
  2005
  Temperate
  Scherer-Lorenzen
  et
  al.
  (2007)
US-Snd US
  – Sherman
  Island
  38.0
  −121.8
  2008
  Sub-tropical,
  Mediterranean
  Detto
  et
  al.
  (2010)
MF BE-Vie
  Belgium
  –
  Vielsalm
  50.3
  6.0
  2002
  Temperate
  Aubinet
  et
  al.
  (2001)
CA-Gro
  Canada
  –
  Groundhog
  River
  48.2
  −82.2
  2005
  Boreal
  McCaughey
  et
  al.
  (2006)
CA-WP1
  Canada
  –
  Western
  Peatland
  55.0
  −112.5
  2005
  Boreal
  Syed
  et
  al.
  (2006)
WSA
  US-SRM
  US
  –
  Santa
  Rita
  Mesquite
  31.8
  −110.9
  2005
  Dry
  Scott
  et
  al.
  (2009)
US-SO2 US
  – Sky
  Oaks-Old
  Stand
  33.3
  −116.6
  2006
  Sub-tropical,
  Mediterranean
  Luo
  et
  al.
  (2007)
AU-How
  Australia
  –
  Howard
  Springs
  −12.5
  131.2
  2003
  Tropical
  Beringer
  et
  al.
  (2007)
US-Ton US
  –
  Tonzi
  ranch
  38.4
  −121.0
  2005
  Sub-tropical,
  Mediterranean
  Baldocchi
  et
  al.
  (2004)
a The
  classiﬁcation
  and
  deﬁnition
  of
  PFT
  followed
  IGBP
  convention
  (Loveland
  et
  al.,
  2000).
surface
  energy
  budget,
  and
  constitutes
  an
  important
  source
  of
water
  vapor
  to
  the
  atmosphere
  (Raupach,
  1998).
  In
  turn,
  atmo-
spheric
  water
  vapor
  is
  the
  most
  signiﬁcant
  greenhouse
  gas
  and
thus
  plays
  a
  fundamental
  role
  in
  weather
  and
  climate
  (Held
  and
Soden,
  2000;
  IPCC,
  2007).
  Understanding
  E
  is
  important
  for
  socio-
economic
  reasons,
  such
  as
  regulating
  available
  water
  for
  human
use
  (Brauman
  et
  al.,
  2007).
  Thus,
  there
  have
  been
  diverse
  efforts
  to
monitor
  E
  regularly
  in
  a
  regional
  scale
  using
  satellite
  remote
  sens-
ing
  imagery
  (Anderson
  et
  al.,
  2008;
  Diak
  et
  al.,
  2004;
  Nishida
  et
  al.,
2003).
The
 applicability
 of
 remote
 sensing-based
 estimates
 of
 E
 is
 ham-
pered
  because
  satellites
  have
  limited
  temporal
  coverage,
  resulting
in
  snapshots
  of
  E
  at
  a
  particular
  point
  in
  space
  and
  time.
  Thus,
  it
  is
  a
challenge
 to
 compare
 E
 estimates
 from
 different
 sites
 that
 are
 taken
at
 different
 times
 of
 the
 day.
 For
 practical
 purposes,
 time-integrated
E
 is
 more
 meaningful
 for
 managing
 water
 resources
 and
 for
 compar-
ison
  with
  accumulated
  precipitation
  (Baldocchi
  and
  Ryu,
  2011).
  An
8-day
  mean
  daily
  sum
  is
  selected
  in
  this
  study
  as
  the
  8-day
  period
corresponds
  to
  the
  cycle
  of
  MODIS
  global
  coverage
  (Masuoka
  et
  al.,
1998).
A
  common
  approach
  to
  estimate
  time-integrated
  E
  is
  to
  assume
that
  the
  evaporative
  fraction,
  EF,
  (the
  ratio
  of
  latent
  heat
  ﬂux,
   E,
to
  available
  energy,
  A,
  which
  is
  taken
  to
  be
  equal
  to
  the
  net
  radia-
tion
  (Rn)
  minus
  the
  soil
  heat
  ﬂux
  (G))
  is
  constant
  during
  daytime,
so
  daytime
  total
  E
  can
  be
  estimated
  by
  multiplying
  an
  instanta-
neous
  EF
  and
  daytime
  integrated
  A
  (Brutsaert
  and
  Sugita,
  1992;
Crago,
  1996;
  Jackson
  et
  al.,
  1983;
  Verma
  et
  al.,
  1992).
  Anderson
et
  al.
  (2007)
  further
  developed
  this
  idea
  by
  coupling
  a
  planetary
boundary
  layer
  model
  with
  two
  snapshots
  in
  the
  morning
  from
Geostationary
  Operational
  Environmental
  Satellites
  (GOES)
  for
  cal-
culating
  instantaneous
   E
  and
  EF,
  and
  ﬁnally
  extrapolated
  these
values
  to
  a
  daily
  scale
  using
  hourly
  A
  derived
  from
  GOES.
  How-
ever,
  the
  constant
  EF
  assumption
  was
  developed
  in
  homogeneous
grasslands
  or
  crops.
  In
  addition,
  one
  study
  reported
  that
  EF
  varies
considerably
  during
  daytime
  depending
  on
  soil
  moisture
  status
and
  leaf
  area
  index
  (Leuning
  et
  al.,
  2004).
  Satellite-based
  estima-
tion
  of
  instantaneous
  soil
  heat
  ﬂux
  is
  still
  a
  challenge,
  in
  particular
for
  open
  canopies.
  In
  fact,
  the
  constant
  EF
  approach
  was
  identi-
ﬁed
  as
  a
  major
  source
  of
  uncertainty
  in
  the
  remote
  sensing-based
E
  estimates
  (Ferguson
  et
  al.,
  2010).
An
  alternative
  approach
  includes
  developing
  a
  constant
  linear
regression
  equation
  between
  mid-day
  ﬂux
  values
  and
  the
  daily
mean
  ﬂux
  values
  using
  ﬂux
  tower
  data.
  For
  example,
  Sims
  et
  al.
(2005)
  tested
  a
  linear
  regression
  between
  a
  single-hour
  extraction
of
  gross
  primary
  productivity
  (GPP)
  to
  a
  mean
  value
  of
  24-h
  GPP
  for
a
  8-day
  period
  using
  ﬂux
  tower
  data.
  These
  authors
  found
  a
  consis-
tent
  linear
  regression
  that
  held
  across
  a
  range
  of
  plant
  functional
types
  and
  times
  of
  year,
  based
  on
  8
  eddy
  covariance
  ﬂux
  towers
within
  the
  United
  States
  and
  Canada.
  However,
  it
  is
  unclear
  if
  the
constant
  scaling
  factor
  holds
  in
  other
  latitudes
  and
  longitudes
  or
  if
the
  technique
  is
  valid
  for
  E.
We
  report
  that
  both
  the
  constant
  EF
  and
  the
  constant
  scaling
factor
  approaches
  do
  not
  provide
  robust
  upscaled
  estimates.
  Thus,
developing
  an
  alternative
  scheme
  is
  warranted.
  We
  demonstrate
that
  the
  averaged
  ratio
  of
  a
  half-hourly-sum
  of
  potential
  solar
  radi-
ation
  (RgPOT,
  extraterrestrial
  irradiance
  on
  a
  plane
  parallel
  to
  the214 Y.
  Ryu
  et
  al.
  /
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  and
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Fig.
  1.
  Test
  of
  constant
  EF
  (the
  ratio
  of
   E
  to
  available
  energy)
  approach
  using
  the
  34
  ﬂux
  tower
  data.
  (a)
  Comparison
  between
  upscaled
  daily
   E
  from
  a
  randomly
  selected
half-hourly
   E
  in
  the
  morning
  (10:00–12:00
 hh)
  using
  the
  constant
  EF
  approach
  and
  measured
  daily
   E.
  (b)
  Same
  with
  (a)
  except
  for
  8-day
  mean
  daily
  scale.
  (c)
  Same
  with
(a)
  except
  for
  selecting
  afternoon
  (12:00–14:00
 hh).
  (d)
  Same
  with
  (c)
  except
  for
  using
  8-day
  mean
  daily
  scale.
Earth’s
  surface)
  to
  the
  daily-sum
  of
  RgPOT over
  a
  8-day
  period
  can
be
  used
  to
  upscale
  instantaneous
   E(t)
  to
  a
  8-day
  mean
  daily
  sum
 E.
  To
  test
  the
  efﬁcacy
  of
  the
  scheme,
  we
  used
  data
  from
  34
  eddy
covariance
  ﬂux
  tower
  across
  7
  plant
  functional
  types
  spanning
  the
range
 from
 boreal
 to
 tropical
 climatic
 zones.
 The
 scientiﬁc
 questions
for
  this
  study
  include:
  (1)
  How
  does
  the
  upscaling
  factor
  from
  this
new
  scheme
  vary
  with
  plant
  functional
  types
  and
  climatic
  zones?,
(2)
  Can
  the
  upscaling
  scheme
  developed
  from
  the
  half-hourly
  ﬂux
tower
 data
 be
 used
 for
 instantaneous
 satellite
 data?
 and
 (3)
 Can
 the
upscaling
  scheme
  be
  applied
  for
  estimation
  of
  other
  biological
  and
environmental
  variables
  such
  as
  gross
  primary
  productivity
  (GPP)
and
  solar
  irradiance?
2.
  Methods
2.1.
  Flux
  tower
  sites
  description
  and
  data
  processing
We
  analyzed
   E
  data
  from
  34
  sites
  including
  7
  plant
functional
  types
  (PFTs)
  ranging
  from
  boreal
  to
  tropical
  cli-
matic
  zones
  extracted
  from
  LaThuile
  2007
  FLUXNET
  dataset
  v.2
(www.ﬂuxdata.org)
  (Table
  1).
  We
  selected
  at
  least
  three
  sites
  for
each
  PFT
  which
  showed
  data
  gaps
  less
  than
  30
  days
  per
  year,
  and
selected
  one
  year
  of
  measurements
  per
  site
  that
  was
  represented
by
  a
  minimum
  data
  gaps
  over
  the
  available
  years.
  Data
  gaps
  were
ﬁlled
  using
  the
  marginal
  distribution
  sampling
  method
  in
  an
  har-
monized
  and
  standardized
  way
  for
  the
  LaThuile
  2007
  FLUXNET
dataset
  (Reichstein
  et
  al.,
  2005).
  Mid-day
  half-hourly
  sums
  (e.g.
10:00–10:30
 hh,
  10:30–11:00
 hh,
  .
 .
 .,
  13:30–14:00
 hh)
  of
   E
  from
ﬂux
 towers
 were
 calculated
 to
 ﬁnd
 a
 correspondence
 with
 potential
overpass
  times
  of
  the
  MODIS
  Terra
  and
  Aqua
  satellites.
  Overpass
times
  vary
  among
  and
  within
  sites
  because
  of
  changing
  sensor
view
  angle
  and
  orbital
  mode
  of
  the
  satellites
  (i.e.,
  ascending
  or
descending)
  (Masuoka
  et
  al.,
  1998).
  The
  ratio
  of
  the
  half-hourly
sums
  to
  the
  daily
  sums
   E
  was
  averaged
  over
  8-day
  periods
  that
correspond
  to
  the
  cycle
  of
  MODIS
  global
  coverage
  (Masuoka
  et
  al.,
1998).
2.2.
  MODIS-derived
  evapotranspiration
  model
Here
  we
  brieﬂy
  introduce
  a
  novel
  MODIS
  derived
   E
  model
(Ryu
  et
  al.,
  2011),
  developed
  using
  a
  two-leaf
  (sunlit-shade)
  and
  a
dual-source
  (vegetation
  and
  soil)
   E
  model.
  The
  model
  ﬁrst
  calcu-
lated
  instantaneous
  radiation
  components
  under
  all
  sky
  condition
at
 1
 km
 resolution
 including
 incoming
 shortwave,
 direct
 beam
 pho-
tosynthetically
  active
  radiation
  (PAR)
  and
  diffuse
  PAR
  (Iwabuchi,
2006;
  Kobayashi
  and
  Iwabuchi,
  2008),
  incoming
  longwave
  (Prata,
1996),
  outgoing
  longwave
  (Wan,
  2008)
  and
  outgoing
  shortwave
radiation
  (Schaaf
  et
  al.,
  2002).
  Those
  components
  enabled
  us
  to
calculate
  instantaneous
  Rn over
  all
  sky
  conditions.
  For
  the
  closed
canopy
  in
  temperate
  and
  boreal
  forests,
  we
  used
  MODIS
  albedo
  to
estimate
  leaf
  nitrogen
  content,
  N(%)
  (Ollinger
  et
  al.,
  2008),
  which
was
  converted
  to
  N
  (area
  based)
  via
  leaf
  mass
  per
  area
  based
  on
a
  global
  dataset
  of
  leaf
  traits
  (Wright
  et
  al.,
  2004).
  Then
  maxi-
mum
  carboxylation
  rate
  at
  25 ◦C
  (Vcmax)
  was
  quantiﬁed
  using
the
  nitrogen
  use
  efﬁciency
  (i.e.,
  Vcmax/N
  (area
  based))
  (Kattge
et
  al.,
  2009).
  For
  the
  other
  canopies,
  we
  used
  a
  look
  up
  table
  that
classiﬁes
  Vcmax
  with
  plant
  functional
  types
  and
  climate
  zones.
The
  absorbed
  PAR
  calculated
  with
  PAR,
  LAI
  and
  clumping
  index
(Pisek
  et
  al.,
  2010;
  Ryu
  et
  al.,
  2010a,
  2010b)
  and
  Vcmax
  infor-
mation
  allowed
  us
  to
  apply
  the
  Farquhar’s
  photosynthesis
  model
to
  the
  sun
  and
  shade
  leaves
  separately
  (dePury
  and
  Farquhar,
1997).
  We
  iteratively
  solved
  the
  sun
  and
  shade
  photosynthesis
and
  energy
  balance
  equations
  until
  convergence
  of
  temperature
in
  sun
  and
  shade
  leaves.
  The
  Ball-Berry
  equation
  calculated
  two-
leaf
  canopy
  conductance
  (Collatz
  et
  al.,
  1991),
  which
  enabled
  us
to
  couple
  photosynthesis
  and
  transpiration.
  To
  calculate
  canopy
E,
  we
  applied
  a
  quadratic
  form
  of
  the
  Penman–Monteith
  equa-
tion
  separately
  for
  the
  sun
  and
  shade
  leaves
  (Paw
  U
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Fig.
  2.
  Seasonal
  pattern
  of
  the
  ratios
  of
  half-hourly
  sum
  to
  the
  daily
  sum
  for
  latent
heat
  ﬂux
  ( E)
  and
  potential
  solar
  radiation
  (RgPOT)
  using
  ﬂux
  tower
  data.
  The
  ratios
were
  averaged
  over
  an
  8-day
  interval.
  Two
  half-hourly
  intervals
  (10:00–10:30
 hh,
11:30–12:00
 hh)
  were
  selected
  (see
  Section
  2
  for
  details).
1988).
  The
  soil
  E
  was
  calculated
  as
  the
  equilibrium
  E
  constrained
by
  a
  water
  stress
  factor
  (RHVPD)
  (Fisher
  et
  al.,
  2008).
  The
  mod-
eled
  E
  was
  an
  instantaneous
  value
  under
  all
  sky
  condition
  as
  the
main
 drivers
 (e.g.
 radiation
 components)
 were
 derived
 from
 MODIS
snap-shots.
2.3.
  Development
  of
  temporal
  upscaling
  of
  evapotranspiration
scheme
We
  hypothesized
  that
  the
  mean
  of
  diurnal
  variation
  of
  E
  over
an
  8-day
  interval
  scales
  with
  the
  respective
  mean
  diurnal
  variation
of
  RgPOT over
  the
  same
  interval.
  Several
  justiﬁcations
  include:
  (1)
Rg is
  the
  main
  driver
  that
  controls
  E
  at
  the
  diurnal
  scale
  if
  there
is
  no
  substantial
  asymmetry
  of
  cloudiness
  or
  change
  in
  soil
  mois-
ture
  between
  morning
  and
  afternoon.
  Under
  clear
  or
  thick
  cloudy
Table
  2
Comparison
  between
  RgPOT 0.5
 h/RgPOT day and
   E0.5
 h/ Eday averaged
  for
  morning
(10:00–12:00
 hh)
  and
  afternoon
  (12:00–14:00
 hh)
  during
  the
  growing
  season.
  The
growing
  season
  was
  deﬁned
  between
  DOY
  120
  and
  240
  except
  for
  ID-Pag
  (DOY
1–365),
  US-Var
  (DOY
  30–150),
  AU-Tum
  (DOY
  1–60,
  305–365).
  RMSE
  is
  root
  mean
square
  error,
  bias
  is
  that
  the
  ratio
  of
  RgPOT minus
  the
  ratio
  of
   E.
  Typical
  values
  of
  the
two
  ratios
  were
  ∼0.06
  during
  the
  growing
  season
  (see
  Fig.
  2).
RMSE
  Bias
10:00–
12:00
 hh
12:00–
14:00
 hh
10:00–
12:00
 hh
12:00–
14:00
 hh
US-Bo1
  0.008
  0.008
  0.002
  −0.003
DE-Geb
  0.009
  0.011
  −0.006
  −0.007
JP-Mas 0.009
  0.007
  0.007
  0.000
KR-Hnm 0.010
  0.008
  0.006
  0.002
US-Ne1
  0.006
  0.008
  0.002
  0.003
CA-Oas
  0.008
  0.009
  0.001
  −0.002
DE-Hai
  0.012
  0.013
  −0.007
  −0.009
US-MOz
  0.010
  0.009
  −0.004
  −0.002
US-Bar
  0.027
  0.030
  −0.019
  −0.022
IT-Ro1
  0.008
  0.006
  −0.006
  0.000
IT-Ro2
  0.007
  0.005
  −0.006
  −0.001
FR-Pue
  0.011
  0.007
  −0.006
  0.002
IT-Cpz 0.007
  0.007
  −0.003
  0.001
AU-Tum
  0.007
  0.006
  −0.002
  0.002
ID-Pag
  0.006
  0.007
  0.000
  0.000
FI-Hyy
  0.008
  0.008
  −0.005
  −0.004
KR-Kw2
  0.006
  0.007
  0.001
  −0.002
NL-Loo 0.007
  0.008
  0.003
  0.003
US-Blo
  0.007
  0.006
  −0.002
  −0.001
US-Me2 0.005
  0.006
  0.002
  0.004
US-Me3
  0.005
  0.008
  0.001
  0.007
CH-Oe1
  0.007
  0.006
  0.001
  −0.001
NL-Ca1
  0.006
  0.007
  0.001
  −0.002
US-Var
  0.008
  0.008
  0.000
  −0.003
CA-Let 0.007
  0.007
  −0.003
  −0.004
DE-Meh
  0.008
  0.011
  −0.002
  −0.009
US-Snd 0.003
  0.004
  0.002
  −0.003
BE-Vie
  0.015
  0.013
  −0.003
  −0.006
CA-Gro
  0.007
  0.008
  0.001
  −0.001
CA-WP1
  0.007
  0.008
  −0.002
  −0.005
US-SRM
  0.009
  0.013
  0.001
  0.010
US-SO2 0.007
  0.010
  0.004
  0.007
AU-How
  0.011
  0.008
  0.008
  0.005
US-Ton 0.008
  0.010
  0.003
  0.002
condition,
  RgPOT scales
  with
  Rg.
  (2)
  the
  RgPOT sets
  the
  daytime
  when
most
  E
  happens.
  The
  daily
  cycles
  of
  RgPOT and
  E
  are
  almost
  in
  phase.
(3)
  The
  random
  variability
  in
  the
  diurnal
  variation
  of
  E
  is
  likely
  to
be
  removed
  largely
  by
  averaging
  over
  an
  8-day
  interval.
The
  RgPOT can
  be
  easily
  calculated
  with
  only
  a
  few
  basic
  pieces
of
  information
  on
  the
  sun–Earth
  geometry
  (Liu
  and
  Jordan,
  1960):
RgPOT =
  Ssc ×

1
  +
  0.033
 cos

2 td
365

cos
 ˇ
  (1)
where
 Ssc is
 the
 solar
 constant
 (1360
 W
 m−2)
 (Kopp
 and
 Lean,
 2011),
td is
  the
  day
  of
  year,
  and
  ˇ
  is
  solar
  zenith
  angle
  that
  is
  calculated
following
  Michalsky
  (1988).
Our
  hypothesis
  allows
  us
  to
  develop
  the
  following
  relation:
SFd(t)
  =
1800
  s ×
   E(t) 
d  E(t)dt
≈
1800
  s ×
  RgPOT(t) 
d RgPOT(t)dt
(2)
where
  SFd(t)
  is
  the
  upscaling
  factor
  for
  a
  particular
  day
  (d)
  of
  the
year
  and
  function
  of
  the
  time
  t
  of
  the
  instantaneous
   E.
  The
  1800
 s
is
  the
  number
  of
  seconds
  in
  30
 min.
  Then
  the
  8-day
  mean
  daily
  sum
 E
  is:
 E8day =
1
8
8 
d=1
1800
  s
  ×
   E(td)
SFd(td)
(3)
where
  the
  time
  of
  the
  snapshot,
  td,
  may
  change
  between
  one
  day
and
  another
  according
  to
  the
  satellite
  passages.216 Y.
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Fig.
  3.
  Test
  of
  new
  scheme
  proposed
  in
  this
  study
  (Eqs.
  (2)
  and
  (3))
  using
  34
  ﬂux
  tower
  data.
  (a)
  Comparison
  between
  upscaled
  daily
   E
  from
  a
  randomly
  selected
  half-
hourly
   E
  in
  the
  morning
  (10:00–12:00
 hh)
  and
  measured
  daily
   E.
  (b)
  Same
  with
  (a)
  except
  for
  8-day
  mean
  daily
  scale.
  (c)
  Same
  with
  (a)
  except
  for
  selecting
  afternoon
(12:00–14:00
 hh).
  (d)
  Same
  with
  (c)
  except
  for
  using
  8-day
  mean
  daily
  scale.
3.
  Results
  and
  discussions
3.1.
  Testing
  the
  constant
  evaporative
  fraction
  approach
We
  tested
  the
  constant
  EF
  approach
  using
  the
  ﬂux
  tower
data
  (Fig.
  1).
  We
  randomly
  selected
  a
  half-hourly
  E
  data
  in
  the
morning
  (10:00–12:00
 hh)
  or
  in
  the
  afternoon
  (12:00–14:00
 hh)
to
  follow
  satellite
  overpass
  in
  the
  morning
  (Fig.
  1a
  and
  c)
  or
afternoon
  (Fig.
  1b
  and
  d),
  upscaled
  to
  daily
  E
  using
  the
  con-
stant
  EF,
  then
  averaged
  over
  8-day
  intervals
  for
  all
  34
  sites.
On
  daily
  E,
  we
  found
  that
  the
  constant
  EF
  approach
  caused
−13%
  relative
  bias
  (the
  ratio
  of
  bias
  to
  the
  mean)
  with
  49%
relative
  root
  mean
  square
  error,
  RMSE
  (the
  ratio
  of
  RMSE
  to
the
  mean)
  when
  upscaling
  from
  the
  morning
  data
  (Fig.
  1a
and
  c),
  and
  −7%
  relative
  bias
  and
  103%
  relative
  RMSE
  when
upscaling
  from
  the
  afternoon
  data
  (Fig.
  1b
  and
  d).
  On
  8-
day
  mean
  daily
  E,
  relative
  RMSE
  from
  the
  morning
  data
  and
from
  the
  afternoon
  data
  was
  reduced
  to
  34%
  and
  42%,
  respec-
tively.
  Thus
  the
  constant
  EF
  approach
  will
  cause
  systematic
underestimation
  of
  E
  by
  up
  to
  13%
  with
  relative
  RMSE
  up
to
  42%.
The
  decrease
  of
  absolute
  relative
  bias
  in
  the
  afternoon
  indicates
the
  EF
  tends
  to
  increase
  in
  the
  afternoon
  as
  observed
  in
  several
studies
  (Brutsaert
  and
  Sugita,
  1992;
  Sugita
  and
  Brutsaert,
  1991).
Some
  authors
  introduced
  a
  correction
  factor
  to
  account
  for
  non-
constant
  EF.
  For
  example,
  a
  factor
  of
  1.1
  was
  multiplied
  with
  the
  EF
to
  compensate
  for
  the
  10%
  underestimation
  of
  daily
  E
  when
  using
the
  morning
  satellite
  data
  (Anderson
  et
  al.,
  1997,
  2007).
  Fig.
  1a
shows
  that
  such
  a
  correction
  could
  be
  made
  and
  1.13
  will
  be
  a
better
  correction
  factor
  if
  using
  morning
  satellite
  data.
  However,
the
  correction
  factor
  should
  be
  different
  in
  the
  morning
  and
  after-
noon,
  which
  makes
  the
  constant
  EF
  approach
  more
  empirical
  and,
therefore,
  much
  less
  useful.
3.2.
  Comparison
  between
  RgPOT
  0.5
 h/RgPOT
  day and
   E0.5
 h/ Eday
We
 tested
 how
 the
 upscaling
 factor
 (Eq.
 (2))
 varies
 across
 a
 range
of
  PFT
  and
  climatic
  zones
  over
  the
  course
  of
  a
  year
  using
  the
  ﬂux
tower
 data
 (Fig.
 2).
 The
 comparison
 between
 RgPOT
  0.5
 h/RgPOT
  day and
 E0.5
 h/ Eday over
  all
  sites
  between
  morning
  (10:00–12:00
 hh)
  and
afternoon
  (12:00–14:00
 hh)
  during
  the
  growing
  season
  appears
  in
Table
  2.
  The
  mean
  RMSE
  and
  bias
  between
  RgPOT
  0.5
 h/RgPOT
  day and
 E0.5
 h/ Eday was
  0.009
  and
  −0.001
  during
  the
  growing
  season.
  The
RMSE
  and
  bias
  did
  not
  show
  pronounced
  asymmetry
  between
  in
the
  morning
  and
  afternoon
  (Table
  2).
  For
  simplicity
  and
  to
  capture
the
  range
  in
  ˇ,
  we
  randomly
  selected
  one
  site
  per
  each
  PFT,
  and
reported
  for
  10:00–10:30
 hh
  and
  11:30–12:00
 hh
  in
  Fig.
  2.
  Over-
all,
  the
  scaling
  factor
  SF
  computed
  from
  the
  RgPOT and
  measured
E
  showed
  similar
  seasonal
  patterns
  and
  magnitude
  among
  sites.
Some
  sites
  showed
  discrepancy
  between
  RgPOT
  0.5
 h/RgPOT
  day and
 E0.5
 h/ Eday in
  winter
  when
  E
  is
  very
  small,
  which
  caused
  numer-
ical
  instability
  in
  the
   E0.5
 h/ Eday (see
  FI-Hyy
  site
  in
  Fig.
  2).
  The
seasonal
  variations
  of
  RgPOT
  0.5
 h/RgPOT
  day and
   E0.5
 h/ Eday should
be
 noted.
 The
 constant
 scaling
 factor
 approach
 like
 Sims
 et
 al.
 (2005)
is
 likely
 error
 prone
 as
 the
  E0.5
 h/ Eday shows
 seasonal
 pattern.
 The
SF
  varied
  with
  day
  length
  and
  it
  was
  lower
  at
  times
  and
  places
  with
longer
  days
  and
  higher
  in
  times
  and
  places
  with
  shorter
  days.
  In
fact,
  the
  tropical
  site
  (ID-Pag)
  showed
  less
  seasonality
  because
  the
length
  of
  day
  does
  not
  change
  much
  over
  the
  year.
  On
  the
  other
hand,
  northern
  sites
  showed
  distinct
  seasonality
  with
  the
  lowest
ratios
  during
  summer
  when
  day
  length
  is
  the
  longest
  (e.g.
  FI-Hyy
and
  CA-Wp1).
3.3.
  Evaluation
  of
  upscaling
  scheme
  using
  ﬂux
  tower
  data
We
  tested
  the
  efﬁcacy
  of
  the
  upscaling
  scheme
  that
  con-
verts
  half-hourly
  E
  to
  daily
  E
  or
  8-day
  mean
  daily
  E
  using
  theY.
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Fig.
  4.
  Statistics
  for
  comparison
  between
  upscaled
  daily
  (or
  8-day
  mean
  daily)
   E
  from
  a
  randomly
  selected
  half-hourly
   E
  in
  the
  morning
  (10:00–12:00
 hh)
  and
  measured
daily
  (or
  8-day
  mean
  daily)
   E
  for
  34
  ﬂux
  tower
  sites.
  The
  34
  ﬂux
  tower
  data
  were
  used,
  and
  the
  upscaling
  equations
  appear
  in
  Eqs.
  (2)
  and
  (3).
  (a)
  Determinant
  coefﬁcient
(r2).
  (b)
  Relative
  root
  mean
  square
  error
  (RMSE).
  (c)
  Relative
  bias.
ﬂux
  tower
  data
  of
  all
  34
  sites.
  First,
  we
  compared
  the
  upscaled
daily
  E
  from
  a
  randomly
  selected
  half-hourly
  E
  in
  the
  morning
(10:00–12:00
 hh)
  and
  a
  randomly
  selected
  half-hourly
  E
  in
  the
afternoon
  (12:00–14:00
 hh)
  against
  the
  measured
  daily
  E
  (Fig.
  3a
and
 c).
 Both
 cases
 showed
 highly
 linear
 relations
 among
 half-hourly
E
  and
  measured
  daily
  E
  (r2 =
 0.92
  and
  0.93
  for
  upscaled
  from
  morn-
ing
  and
  afternoon,
  respectively).
  Next,
  we
  compared
  the
  8-day
mean
  daily
  E
  upscaled
  from
  morning
  or
  afternoon
  against
  mea-
sured
  8-day
  mean
  daily
  E
  (Fig.
  3b
  and
  d).
  Averaging
  daily
  E
  over
  an
8-day
  period
  greatly
  reduced
  the
  RMSE
  by
  about
  50%.
  The
  upscaled
E
  from
  morning
  and
  upscaled
  E
  from
  afternoon
  showed
  relative
RMSE
 <
 15%
 with
 absolute
 relative
 bias
 <
 2.7%
 compared
 to
 the
 mea-
sured
  8-day
  mean
  daily
  E.
  This
  opens
  the
  possibility
  to
  only
  use
either
 morning
 satellite
 (i.e.,
 Terra)
 or
 afternoon
 satellite
 (i.e.,
 Aqua)
to
  upscale
  instantaneous
  E
  to
  an
  8-day
  mean
  daily
  E.
  Hereinafter,
we
  restrict
  our
  analysis
  to
  the
  morning
  data.
  It
  is
  notable
  that
  the
constant
 EF
 approach
 required
 using
 different
 correction
 factors
 for
morning
  and
  afternoon.
We
  evaluated
  the
  performance
  of
  the
  upscaling
  scheme
  at
the
  site
  level
  (Fig.
  4).
  We
  randomly
  sampled
  a
  half-hourly
  ﬂux
tower
  E
  between
  10:00
 hh
  and
  12:00
 hh
  per
  day,
  and
  upscaled
to
  daily
  E.
  We
  compared
  the
  measured
  and
  upscaled
  E
  for
  the
daily
  and
  8-day
  mean
  daily
  cases.
  At
  daily
  scale,
  the
  tropical
  sites
showed
  relatively
  low
  r2 (0.75
  and
  0.66
  for
  ID-Pag
  and
  AU-How,
respectively),
  presumably
  due
  to
  irregular
  cloudiness.
  However,
averaging
  daily
  E
  over
  8-day
  periods
  improved
  the
  r2 to
  0.82
  and218 Y.
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Fig.
  5.
  Comparison
  between
  MODIS
  derived
  instantaneous
   E
  (Ryu
  et
  al.,
  2011)
  and
  half-hourly
  ﬂux
  tower
   E
  (a,
  d,
  and
  g),
  comparison
  between
  upscaled
  daily
  E
  from
  MODIS
using
  Eq.
  (2)
  and
  daily
  E
  from
  ﬂux
  tower
  (b,
  e,
  and
  h),
  and
  comparison
  between
  8-day
  mean
  daily
  E
  from
  MODIS
  using
  Eq.
  (3)
  and
  8-day
  mean
  daily
  E
  from
  ﬂux
  tower
  (c,
  f,
and
  i).
  Three
  sites
  were
  selected.
  (a–c)
  US-Moz.
  (d–f)
  DE-Geb.
  (g–i)
  US-Ton.
0.89
  for
  ID-Pag
  and
  AU-How,
  respectively.
  Overall,
  the
  testing
  of
upscaled
  8-day
  mean
  daily
  E
  against
  the
  measurement
  showed
r2 >
 0.88,
 relative
 RMSE
 <
 30%,
 absolute
 relative
 bias
 <
 17%
 for
 the
 all
sites.
3.4.
  Applying
  the
  upscaling
  scheme
  to
  a
  MODIS-derived
  E
  model
We
  employed
  the
  upscaling
  scheme
  to
  scale-up
  MODIS
  Terra
derived
  snap-shot
  E
  (10:00–12:00
 hh)
  over
  8-day
  to
  an
  8-day
  mean
daily
  E.
  We
  assumed
  that
  the
  instantaneous
  E
  represents
  the
  half-
hourly
  mean
  E,
  and
  applied
  the
  upscaling
  scheme
  (Eq.
  (3)).
  We
tested
  three
  sites
  in
  Fig.
  4c
  that
  showed
  little
  bias
  (US-MOz,
  0.3%),
positive
  bias
  (DE-Geb,
  6.7%),
  and
  negative
  bias
  (US-Ton,
  −10%).
  We
compared
  three
  steps:
  (1)
  instantaneous
  E
  from
  MODIS
  and
  half-
hourly
 E
 from
 ﬂux
 tower
 (Fig.
 5a,
 d,
 and
 g),
 (2)
 upscaled
 daily
 E
 from
MODIS
  using
  Eq.
  (2)
  and
  daily
  E
  from
  ﬂux
  tower
  (Fig.
  5b,
  e,
  and
  h),
and
  (3)
  8-day
  mean
  daily
  E
  from
  MODIS
  using
  Eq.
  (3)
  and
  8-day
mean
  daily
  E
  from
  ﬂux
  tower
  (Fig.
  5c,
  f,
  and
  i).
  When
  comparing
the
  1st
  and
  2nd
  steps,
  we
  found
  that
  the
  changes
  of
  relative
  biases
are
  notable,
  which
  is
  related
  with
  the
  inherent
  biases
  in
  the
  upscal-
ing
  factor
  for
  each
  site
  (Fig.
  4c).
  Overall,
  the
  r2 and
  relative
  RMSE
did
  not
  change
  much
  between
  the
  1st
  and
  2nd
  steps
  but
  they
  were
improved
  in
  the
  3rd
  step.
  This
  indicates
  that
  the
  random
  errors
were
  not
  removed
  much
  in
  the
  daily
  upscaling
  scheme
  (Eq.
  (2)),
but
  they
  were
  largely
  removed
  in
  averaging
  the
  upscaled
  daily
  E
over
  an
  8-day
  interval
  (Eq.
  (3)).
As
 the
 characteristics
 of
 the
 upscaling
 scheme
 appeared
 in
 Fig.
 4c
(increase
  of
  r2,
  reduction
  of
  RMSE
  between
  daily
  and
  8-day
  mean
daily
  scale,
  and
  inherent
  bias)
  was
  reﬂected
  in
  Fig.
  5,
  we
  conclude
that
  the
  upscaling
  scheme
  is
  applicable
  to
  upscale
  the
  instanta-
neous
  MODIS-E
  within
  an
  8-day
  interval
  to
  an
  8-day
  mean
  daily
E.
3.5.
  Sources
  of
  uncertainty
  in
  the
  upscaling
  scheme
We
  restricted
  the
  uncertainty
  sources
  for
  the
  upscaling
  scheme
when
  using
  ﬂux
  tower
  data
  only.
  The
  MODIS
  derived
  E
  includes
many
  other
  uncertainties
  such
  as
  the
  uncertainty
  in
  the
  E
  model,
MODIS
  data,
  and
  footprint
  mismatch,
  which
  are
  all
  not
  directly
related
 with
 the
 upscaling
 scheme.
 The
 proposed
 upscaling
 scheme
assumed
  that
  mean
  diurnal
  variation
  of
  RgPOT over
  an
  8-day
  scales
with
  the
  mean
  diurnal
  variation
  of
  E
  over
  an
  8-day
  period.
  This
assumption
  will
  be
  violated
  if
  (1)
  there
  is
  considerable
  nighttime
  E
(Dawson
  et
  al.,
  2007;
  Novick
  et
  al.,
  2009;
  Tolk
  et
  al.,
  2006)
  and
  (2)
there
  is
  asymmetry
  of
  E
  between
  morning
  and
  afternoon
  (Wilson
et
  al.,
  2002).
  In
  fact,
  several
  sites
  showed
  substantial
  nighttime
  E.
For
  example,
  the
  annual
  sum
  of
  nighttime
  E
  constituted
  10%
  of
  the
annual
  sum
  of
  E
  in
  the
  JP-Mas
  site.
  On
  the
  other
  hand,
  annual
  sum
of
  nighttime
  E
  at
  the
  DE-Hai
  site
  was
  −9%
  (e.g.
  dew
  formation)
  of
the
  annual
  sum
  E.
  The
  presence
  of
  positive
  (negative)
  nighttime
E
  caused
  negative
  (positive)
  biases
  in
  the
  upscaling
  scheme
  (see
Fig.
  4c).
  However,
  we
  note
  that
  the
  nighttime
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eddy
  covariance
  system
  might
  be
  error-prone
  due
  to
  low
  turbu-
lence
  (Fisher
  et
  al.,
  2007).
The
  asymmetry
  of
  diurnal
  variation
  of
  E
  was
  observed
  at
  several
sites.
  For
  example,
  IT-RO1
  and
  FR-Pue
  sites
  experienced
  drought
stress
  during
  the
  growing
  season,
  thus
  E
  was
  higher
  in
  the
  morn-
ing
  than
  in
  the
  afternoon,
  which
  is
  common
  for
  summer
  drought
affected
  forests
  (e.g.
  semi-arid
  forests
  and
  woodlands)
  (Tognetti
et
  al.,
  1999;
  White
  et
  al.,
  2000).
  In
  contrast,
  two
  rice
  paddy
  sites
(JP-Mas
  and
  KR-Hnm)
  showed
  higher
  E
  in
  the
  afternoon
  than
  in
  the
morning
  during
  the
  growing
  season
  because
  of
  no
  water
  limitation
due
  to
  irrigation
  and
  higher
  vapor
  pressure
  deﬁcit
  in
  the
  afternoon.
Other
 causes
 of
 asymmetry
 may
 be
 originated
 by
 the
 discontinuous
presence
  of
  clouds
  during
  the
  day.
  As
  we
  upscaled
  E
  from
  morning
data,
  higher
  (lower)
  E
  in
  the
  morning
  than
  in
  the
  afternoon
  caused
overestimation
  (underestimation)
  of
  upscaled
  E.
  Overall,
  however,
the
  biases
  inﬂuenced
  by
  the
  asymmetry
  in
  these
  sites
  were
  less
than
  10%
  on
  an
  annual
  scale
  (Fig.
  4c).
  As
  we
  found
  in
  Section
  3.2,
the
  upscaling
  scheme
  is
  error-prone
  when
  E
  is
  very
  small
  (e.g.
  win-
ter
  in
  high
  latitudes,
  see
  CA-WP1
  and
  FI-Hyy
  in
  Fig.
  2).
  However,
the
  impact
  of
  this
  uncertainty
  to
  a
  daily
  or
  8-daily
  mean
  daily
  sum
E
  is
  likely
  marginal
  as
  the
  winter
  E
  is
  very
  small.
We
 checked
 the
 impact
 of
 energy
 imbalance
 on
 the
 performance
of
  our
  approach
  (Eqs.
  (2)
  and
  (3))
  and
  constant
  EF
  approach,
  and
found
  that
  the
  impact
  was
  not
  substantial.
  For
  daily
  E
  calculated
from
 morning
 data
 where
 energy
 balance
 closure
 had
 been
 applied,
relative
  RMSE
  and
  bias
  error
  in
  our
  approach
  were
  27.3%
  (27%)
  and
1%
  (2.7%),
  respectively
  where
  the
  values
  in
  brackets
  were
  derived
using
  original
  ﬂux
  data
  appeared
  in
  Fig.
  3a.
  The
  relative
  RMSE
  and
bias
  errors
  in
  the
  constant
  EF
  approach
  were
  54.7%
  (49%)
  and
  −14%
(−13%),
  respectively
  where
  the
  values
  in
  brackets
  were
  derived
using
  original
  ﬂux
  data
  appeared
  in
  Fig.
  1a.
3.6.
  Application
  of
  the
  upscaling
  scheme
  to
  other
  variables
We
  tested
  the
  efﬁcacy
  of
  the
  proposed
  upscaling
  scheme
  to
  the
other
  variables
  such
  as
  GPP
  and
  solar
  irradiance.
  We
  randomly
selected
  one
  half-hour
  ﬂux
  tower
  data
  (GPP
  or
  solar
  irradiance)
between
 10:00
 hh
 and
 12:00
 hh,
 upscaled
 to
 a
 daily
 sum
 by
 dividing
by
  SF
  (Eq.
  (2)),
  then
  averaged
  the
  daily
  sum
  over
  an
  8-day
  inter-
val
  (Eq.
  (3))
  for
  all
  34
  ﬂux
  tower
  data.
  The
  upscaled
  8-day
  mean
daily
  GPP
  and
  solar
  irradiance
  showed
  excellent
  agreement
  with
ﬂux
  tower
  8-day
  mean
  daily
  GPP
  (0.98
  r2,
  0.44%
  RMSE,
  −0.09%
bias,
  Fig.
  6a)
  and
  solar
  irradiance
  (0.97
  r2,
  11.89%
  RMSE,
  6.89%
  bias,
Fig.
  6b),
  respectively.
We
 compared
 our
 approach
 with
 the
 one
 of
 Sims
 et
 al.
 (2005)
 for
GPP
  (Fig.
  7).
  Sims
  et
  al.
  (2005)
  proposed
  a
  consistent
  linear
  regres-
sion
  equation:
  y
 =
 9.14x
 −
 12.2
  where
  y
  is
  8-daily
  mean
  daily
  GPP
(mmol
 m−2 day−1),
 and
 x
 is
 mid-day
 hourly
 GPP.
 The
 authors
 tested
8
  ﬂux
  tower
  sites
  that
  located
  in
  a
  relatively
  narrow
  latitude
  range
between
  38.4◦N
  and
  49.7◦N.
  Here
  we
  applied
  both
  approaches
  to
a
  further
  north
  located
  ﬂux
  site,
  FI-Hyy
  (61.8◦N).
  In
  this
  case,
  the
Sims
  et
  al.
  (2005)
  approach
  showed
  a
  curvilinear
  relation
  with
  neg-
ative
  bias
  (−15%)
  whereas
  our
  approach
  showed
  a
  linear
  relation
with
  little
  bias
  (−3%)
  (Fig.
  7).
  The
  curvilinear
  relation
  in
  the
  Sims
et
  al.
  (2005)
  was
  expected
  as
  the
  upscaling
  factor
  varied
  over
  the
season
  (See
  FI-Hyy
  in
  Fig.
  2).
  As
  our
  approach
  considers
  the
  season-
ality
  of
  the
  scaling
  factor
  including
  the
  effect
  of
  latitude,
  it
  offers
  a
more
  general
  upscaling
  scheme
  than
  the
  consistent
  linear
  regres-
sion
  approach
  (Sims
  et
  al.,
  2005).
3.7.
  Advantages
  of
  the
  proposed
  upscaling
  scheme
The
  proposed
  upscaling
  scheme
  has
  several
  important
  advan-
tages
  over
  the
  constant
  EF
  ratio
  approach
  and
  the
  consistent
  linear
relation
  approach
  (Sims
  et
  al.,
  2005).
  While
  our
  approach
  requires
only
  a
  few
  basic
  inputs
  (latitude,
  longitude
  and
  time
  (see
  Eq.
  (1))),
Fig.
  6.
  Test
  of
  the
  proposed
  upscaling
  scheme
  to
  (a)
  GPP
  and
  (b)
  solar
  irradiance
using
  the
  34
  ﬂux
  tower
  data.
  Comparison
  between
  upscaled
  8-day
  mean
  daily
  sum
GPP
  (or
  solar
  irradiance)
  from
  a
  randomly
  selected
  half-hourly
   E
  in
  the
  morning
(10:00–12:00
 hh)
  and
  measured
  8-day
  mean
  daily
  sum
  GPP
  (or
  solar
  irradiance).
Fig.
  7.
  Comparison
  of
  8-day
  mean
  daily
  GPP
  between
  ﬂux
  tower
  data
  and
  two
upscaling
  schemes
  that
  include
  Sims
  et
  al.
  (2005)
  and
  our
  upscaling
  approach
  (Eqs.
(2)
  and
  (3))
  for
  FI-Hyy
  site.220 Y.
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the
  constant
  EF
  approach
  requires
  calculating
  instantaneous
  and
daytime
  integrated
  Rn and
  G.
  Furthermore,
  the
  daytime
  integrated
Rn is
  only
  available
  at
  coarse
  resolution
  such
  as
  GOES
  (20
 km).
  The
constant
 EF
 approach
 required
 using
 different
 correction
 factors
 for
morning
 and
 afternoon
 (Fig.
 1),
 whereas
 it
 was
 not
 necessary
 to
 use
the
 correction
 factors
 in
 our
 approach.
 All
 statistical
 evaluations
 (r2,
RMSE
  and
  bias)
  were
  superior
  for
  our
  approach
  than
  the
  constant
EF
  approach
  (Figs.
  1
  and
  3).
  Our
  simple
  approach
  explicitly
  con-
sidered
  the
  sun–Earth
  geometry,
  which
  enabled
  us
  to
  capture
  the
seasonality
  of
  the
  scaling
  factor.
  This
  outperformed
  the
  consistent
linear
  regression
  approach
  (see
  Fig.
  7).
  Thus
  our
  simple
  approach
offers
  a
  very
  simple,
  general
  way
  to
  upscale
  instantaneous
  esti-
mates
  to
  the
  8-daily
  mean
  daily
  estimates
  although
  the
  proposed
approach
  is
  likely
  error
  prone
  in
  biomes
  that
  showed
  substantial
nighttime
  E
  (e.g.
  JP-Mas
  site)
  or
  water
  extremes
  (e.g.
  woodlands
and
  forests
  experiencing
  seasonal
  drought,
  or
  rice
  paddy,
  See
  3.5)
due
  to
  asymmetry
  of
  diurnal
  variation
  in
  E.
4.
  Summary
  and
  conclusions
We
  presented
  a
  temporal
  upscaling
  scheme
  for
  E
  from
  instanta-
neous
  measurements
  near
  mid-day
  to
  8-day
  mean
  values
  by
  using
the
  ratio
  of
  half-hourly
  RgPOT to
  the
  daily
  sum
  RgPOT (Eq.
  (3)).
  Based
on
  the
  data
  from
  34
  ﬂux
  tower
  sites,
  we
  found
  that
  the
  upscaled
8-day
  mean
  daily
  E
  showed
  a
  clear
  linear
  relation
  (r2 =
 0.97),
  good
agreement
  (relative
  RMSE
 =
 14%)
  and
  little
  bias
  (−2.7%)
  with
  the
observed
  8-day
  daily
  E
  using
  ﬂux
  tower
  data
  only.
  At
  the
  individual
site
 level,
 the
 upscaling-scheme
 derived
 E
 showed
 r2 >
 0.88,
 relative
RMSE
 <
 30%,
 absolute
 relative
 bias
 <
 17%
 against
 ﬂux
 tower
 data.
 The
upscaling
  factor
  showed
  pronounced
  seasonal
  patterns
  in
  the
  sites
located
  in
  high
  latitudes
  whereas
  it
  showed
  less
  seasonal
  pattern
in
  the
  tropical
  sites,
  which
  were
  caused
  by
  the
  sun–Earth
  geometry
(see
  Fig.
  2).
  We
  coupled
  the
  upscaling
  scheme
  with
  the
  MODIS-
derived
  E
  model
  (Ryu
  et
  al.,
  2011),
  and
  found
  that
  the
  upscaling
scheme
  allowed
  us
  to
  reliably
  upscale
  instantaneous
  E
  to
  an
  8-day
mean
  daily
  E.
  Also,
  our
  scheme
  could
  be
  used
  to
  upscale
  GPP
  and
solar
 irradiance
 as
 well
 (see
 Fig.
 6).
 The
 constant
 EF
 approach
 which
has
  been
  commonly
  used
  to
  extrapolate
  instantaneous
  E
  to
  daily
sum
  E
  systematically
  underestimate
  daily
  E
  (−8
  to
  −13%)
  based
  on
the
  34
  ﬂux
  tower
  data.
  The
  proposed
  scheme
  was
  less
  successful
in
  regions
  that
  experienced
  substantial
  nighttime
  E
  or
  asymmetry
of
  diurnal
  variation
  in
  E
  due
  to
  water
  stress
  (see
  Section
  3.5),
  and
this
  needs
  to
  be
  taken
  into
  consideration
  in
  regional
  and
  global
applications
  of
  the
  method.
  Our
  scheme
  will
  contribute
  to
  reduc-
ing
 uncertainty
 in
 continuous
 monitoring
 of
 hydrological
 cycle
 with
remote
  sensing.
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